The main parameters of the beam required to ignite a precompressed DT fuel, as foreseen by the recently proposed scheme of fast ignition by laser-accelerated protons (Roth et al 2001 Phys. Rev. Lett. 86 436), are studied by 2-D numerical simulations and a simple model. For simplicity, instantaneous proton generation at distance d from the compressed fuel and exponential proton energy spectrum, dn/dε ∝ exp(−ε/T p ), are assumed. An analytical expression and parametric numerical results are then given for the dependence of the minimum required beam energy on d, T p and on the fuel density ρ. For the parameters of Roth et al (d ≈ 4 mm; ρ ≈ 400 g/cm 3 ) the minimum total proton energy for ignition is about 40 kJ.
In the fast ignition inertial confinement fusion (ICF) scheme the fuel is first compressed to high density by a suitable driver pulse, and then the ignition hot spot is created by a second more intense beam [1, 2] . In the original fast ignitor concept [1] , ignition is induced by relativistic electrons generated by the interaction of an ultraintense laser beam with the compressed plasma. This scheme is currently being investigated by many groups (see, e.g., the papers collected in sections A.VII of [3] and in [4] and, for more recent experimental research, [5] and [6] ). Recently, Roth et al [7] have proposed to ignite the precompressed fuel by fast protons released by laser-irradiated thin solid targets. This proposal follows experimental evidence for the generation of collimated beams of multi-MeV protons [8, 9, 10] in laser-solid interaction experiments at intensity I = 10 19 -10 20 W/cm 2 . The energetic protons are emitted with efficiency (fast proton energy/laser energy) up to about 12% [8] .
Roth et al [7] estimated the required beam parameters by using the results of [11] , according to which the optimal values of the beam energy E, pulse duration t p and focal spot radius r b to ignite DT fuel precompressed to density ρ are
whereρ = ρ/(100 g/cm 3 ). Equations (1)-(3) refer to pulses with flat radial and temporal intensity profiles, and then optimal power and intensity are, respectively, P opt = E opt /t opt and I opt = P opt /π r 2 opt . Furthermore, they apply to particles with range R = 0.3-1.5 g/cm 2 , approximately matching the optimal hot-spot size [11] . Ignition can be obtained with energy 20% smaller than E opt , but this requires either power or intensity to considerably exceed the above optimal values. A useful rule of thumb, which we will use in the following, consists of requiring simultaneously E E opt ; P P opt , and r b r opt .
In their proposal [7] , Roth et al suggest to implode DT fuel in a standard ICF hohlraum [12] and to induce ignition by a collimated proton beam originating from a laser-irradiated target placed outside the hohlraum. The achievable focusing (r b 15 µm) and on-fuel pulse duration seem suited to ignite DT fuel precompressed to 400 g/cm 3 . Using (1) and simple range estimates, they conclude that 7-10 kJ of 15-23 MeV protons are required.
Proton generation, transport and focusing on target are crucial issues for such a new scheme. In particular, the very large currents involved may require neutralized propagation, with the fast protons accompanied by comoving electrons. One should then properly speak of a plasma beam, although the energy carriers would in any case be the fast protons.
Proper appraisal of the problem involved requires a better estimate of the parameters of the proton pulse required for ignition. This is the aim of this letter, presenting the first study of the ignition of DT fuel by fast protons with features extrapolated from those of current experiments. We analyse the effects due to proton-fuel interaction, to proton energy distribution, as well as to plasma hydrodynamics. These results may serve as an input to subsequent studies addressing the actual feasibility of the required beams, a problem which is outside the scope of the present letter.
The study is based on 2D simulations performed by the 2D Lagrangian code DUED, already used in previous fast ignition studies [13, 11] . The code employs a three-temperature plasma model and includes a real-matter equation-of-state, appropriate opacities, collisional transport, nuclear reactions and transport of fusion products. Proton-plasma interaction is dealt with by standard binary collision theory [14, 15] , using a model similar to those usually employed in ion beam driven ICF studies [16, 17] .
We start by considering proton slowing down in dense and hot DT plasma. As shown in Fig. 1 , the range of multi-MeV protons is nearly constant at relatively low plasma temperature, then increases substantially as the DT temperature exceeds some threshold. This is easily understood by observing that the fast protons are slowed down by the plasma thermal electrons, and that the stopping power decreases as the relative velocity of the colliding particles increases. From Fig. 1 we see that at plasma temperature T = 5-10 keV, protons with ε p 10 MeV have range longer than the optimal value for fast ignition. We now study how this affects fast ignition requirements.
We have performed 2D simulations, aimed at computing the minimum total proton energy E ig required to ignite a precompressed homogeneous DT sphere by a cylindrical beam of protons with kinetic energy ε p . Pulse duration and beam radius have been chosen according to (2) and (3), respectively. In Fig. 2 we show E ig versus ε p for fuel density ρ = 400 g/cm 3 . We see that for ε p 8 MeV, E ig is constant and slightly smaller than E opt given by (1); for ε p > 8 MeV, instead, E ig grows with ε p . In general, we can write the required energy and power as E E ig (ρ, ε p ) = E opt (ρ)q(ε p ), and
where ε p is in units of MeV. Next, we analyse the effect of the actual velocity distribution of the protons. Again, we take a simple model situation. We assume that a parallel beam, with total energy E, is generated at time t = 0 in a burst of negligible duration, by a source located at distance d from the the compressed fuel. The assumption of instantaneous emission is at least partly justified by the fact that the acceleration mechanism only works for a time t a < 10 ps [18] , typically shorter than the pulse width τ caused by velocity dispersion (see below). For an accurate evaluation one should, of course, convolve the two effects. The energy distribution of the protons heating the fuel will in general depend on many details of proton generation and transport. Here, just to acquire insight into the ignition problem, we assume an exponential shape dn/dε p ∝ exp(−ε p /T p ), with average proton energy ε p = T p . This very simple model function approximates well the distribution observed in some experiments [8] . Due to velocity dispersion, the power of the proton pulse at the fuel surface is
with a characteristic pulse duration
with T p expressed in units of MeV. Notice that decreasing T p to make the range shorter has the undesired effect of lowering beam power. The peak power is
and is reached at time t = t peak = √ 2/5τ . Concerning fast ignition requirements, we apply the previous condition P P ig (ρ, ε p ) = P opt (ρ)q(ε p ) to the present situation with time-varying beam power and exponential proton energy distribution, by replacing P with a characteristic power P = P peak /a p , and computing the function q at energy ε p = a T T p . Here a p and a T are numerical constants, with values about 1.3-1.5. The constant a T accounts for the fact that protons hitting the fuel when the beam power exceeds P have kinetic energy higher than the average value in the distribution. Imposing that both beam energy and power exceed the respective thresholds for ignition, we find that the beam energy must satisfy E E * ig , with
where, for (2), (6) and (7),
We are interested in evaluating (8) for distances d of a few mm and densities in the range 300-500 g/cm 3 . We immediately see that when T p (8/a T ) MeV, then q = 0.8, but g is well above unity. In contrast, when g < 1, the factor in square brackets is equal to one, only at temperatures such that q > 1. Therefore, the ignition energy will always be larger than the value given by (1). When g > 1, using (1) and (9), we can write (8) as
The function f takes its minimum value, f = 1, at T p = 8/a T MeV, and depends weakly on T p over a wide range of T p , being f < 1.25 for 5 MeV a T T p 28 MeV. Notice that according to (10) the ignition energy scales with the density as E * ig ∝ ρ −1 , to be compared with E * ig ∝ ρ −1.85 [11] , applying to monoenergetic particles and constant pulse power.
The predictions of (10) have been checked by 2D numerical simulations, again referring to a homogeneous DT sphere, and a parallel beam with radius determined according to (3) . The results of a set of simulations referring to DT density ρ = 400 g/cm 3 , proton average energy 3 T p 20 MeV and three values of d (1 mm, 2 mm and 4 mm) are summarized in 
We notice that the curve for d = 4 mm in Fig. 3 is representative of the case of a proton source placed outside a hohlraum, as proposed by Roth et al [7] . We see that the minimum ignition energy (at ρ = 400 g/cm 3 ) is about 40 kJ, which is 4-6 times larger than estimated previously [7] . Notice, however, that it refers to the energy contained in the whole proton distribution, not only in a small portion of it, as was the case in [7] .
The beam energy reduces to about 15 kJ by decreasing d to 1 mm. Assuming proton generation efficiency of 10% (compatible with that reported by [8] ), the required ultraintense laser energy would be 150 kJ, comparable to that considered in recent studies of fast ignition by hot electrons [19, 20] . This value of d, however, requires new fusion target concepts. Conically guided targets (see the sketch of Fig. 4) , proposed for fast ignition by hot electrons [21] , and studied both theoretically [22] and experimentally [6] in that context, may offer an opportunity also for proton-induced fast ignition, and in our opinion deserve specific studies. Further reduction of E ig can be achieved by increasing the fuel density. This, however, demands tighter focusing and shorter pulse duration, and would also make the target more sensitive to implosion asymmetries and instabilities.
